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United States Patent 
Itou , et al. 
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September 1 9, 2000 


Angular velocity sensor 


Abstract 


An angular velocity sensor includes a tuning-fork oscillator having a pair of arms jointed by a 
trunk, the pair of arms extending in parallel to each other, first and second driving 
piezoelectric elements arranged only on one surface of the trunk with a gap therebetween in 
an extending direction of the arms, and angular velocity detecting piezoelectric elements 
arranged on surfaces of the arms in parallel with the one surface of the trunk on which the 
first and second piezoelectric elements are arranged. 
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Claims 


What is claimed is: 

1. An angular velocity sensor comprising: 


ste«Jnf;;!°bodJtr*°?";"' extending in parallel to each other and joined to a 
s?blrair;c'^^^^^^^^^^^^ -"^ ^-^^ respective^urface/ 

angular velocity detecting piezoelectric elements arranged on said surfaces of said arms 


http://164.195.100.l1/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&..y6.119.51 


01/08/03 


United States Patent 6.119.518 


3/20 V 


wherein said first driving piezoelectric element and said second driving piezoelectric element 
-are adjusted in their applied voltages so as to suppress an unnecessary oscillation which is 
generated in a detected oscillating direction perpendicular to said plane on which said arms 
oscillate. 

2. An angular velocity sensor comprising: 

a tuning-fork oscillator having arms extending in parallel to each other and joined to a 
stationary body through a trunk, said arms and said trunk having respective surfaces 
substantially coplanar to each other; 

first and second driving piezoelectric elements arranged only on said respective surface of 
said trunk with a gap therebetween, said gap having a width extending in a direction of said 
arms; and 

angular velocity detecting piezoelectric elements arranged on said surfaces of said arms, 
wherein said first and second driving piezoelectric elements generate forces for giving said 
arms predetermined oscillations so that said arms may oscillate on a plane in parallel with said 
surface on which said angular velocity detecting piezoelectric elements are arranged, and 

wherein said first driving piezoelectric element and said second driving piezoelectric element 
are adjusted in their areas so as to suppress an unnecessary oscillation which is generated in 
a detected oscillating direction perpendicular to said plane on which said arms oscillate. 

3. An angular velocity sensor comprising: 

a tuning-fork oscillator having arms extending in parallel to each other and joined to a 
stationary body through a trunk, said arms and said trunk having respective surfaces 
substantially coplanar to each other. 

first and second driving piezoelectric elements arranged only on said respective surface of 
said trunk with a gap therebetween, said gap having a width extending in a direction of said 
arms; and 

angular velocity detecting piezoelectric elements arranged on said surfaces of said arms, 
wherein said first and second driving piezoelectric elements generate forces for giving said 
arms predetermined oscillations so that said arms may oscillate on a plane in parallel with said 
surface on which said angular velocity detecting piezoelectric elements are arranged, and 

wherein there is a plurality of at least said first driving piezoelectric elements along an 
oscillating direction of said arms, and each of said first driving piezoelectric elements is 
adjusted in its applied voltage so as to suppress an unnecessary oscillation which is generated 
in a detected oscillating direction perpendicular to said oscillating direction. 

4. An angular velocity sensor comprising: 

a tuning-fork oscillator having arms extending in parallel to each other and joined to a 
stationary body through a trunk, said arms and said trunk having respective surfaces 
substantially coplanar to each other; 

first and second driving piezoelectric elements arranged only on said respective surface of 
said trunk with a gap therebetween, said gap having a width extending in a direction of said 
arms; and 
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angular velocity detecting piezoelectric elements arranged on said surfaces of said arms, 
TrJ^st Jjf ""'^'"g piezoelectric elements generate forces for giving said 

detected'" %T" *° """«'=«ssary oscillation which is gener^S in a 

detected oscllafng direction perpendicular to said oscillating direction of sTd arms 

5. An angular velocity sensor comprising: 

direction of sa.d arms for driving and oscillator to oscillatetn a dXen osltiSS: Ind 

sa?a™l ^^r'n f 1"' "'"T"'" ^^^'"^ ^ Pl"ral-layer laminated structure and arranged on 
said arms for detecting oscillations of said oscillator in a detected oscillating direction 
perpendicular to said driven oscillating direction. oscillating direction 

6. An angular velocity sensor comprising: 

i^^^i::::;;:^:^ ^^^-^^ - - -<=^ o*^- -^-med to a 

direction of sa,d arms for driving and oscillator to oscillate in*; dreros"ct«^^^^^^^ 

detecting piezoelectric elements having a plural-layer laminated «:tr..r^i-Mro . ^ 

Te'l^T T l^''^^ °' -id'oscil,ato7L,':Tte '"^ 

perpendicular to said driven oscillating direction. cnaang direction 

wherein said plural layers of each of said first and second driving piezoelectric elem.ntc 
laminated along said detected oscillating direction and are elongated itg /afd j^^^^^^^ 
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oscillating direction, and said plural layers of said detecting piezoelectric elements are 
•laminated along said detected oscillating direction, 

wherein, when one of said first and second driving piezoelectric elements Is driven in an 
expanded state, another of said first and second driving piezoelectric elements is driven in a 
contracted state. 

wherein said first driving piezoelectric element and said second piezoelectric element are 
adjusted in their areas so as to suppress an unnecessary oscillation which is generated in said 
detected oscillating direction. 

7. An angular velocity sensor comprising: 

a tuning-fork oscillator having arms extending in parallel to each other and joined to a 
stationary body through a trunk; 

first and second driving piezoelectric element having a plural-layer laminated structure and 
arranged only on said trunk with a gap therebetween, said gap having a width extending in a 
direction of said arms for driving said oscillator to oscillate in a driven oscillating direction; and 

detecting piezoelectric elements having a plural-layer laminated structure and arranged on 
said arms for detecting oscillations of said oscillator in a detected oscillating direction 
perpendicular to said driven oscillating direction, 

wherein said plural layers of each of said first and second driving piezoelectric elements are 
laminated along said detected oscillating direction and are elongated along said driven 
oscillating direction, and said plural layers of said detecting piezoelectric elements are 
laminated along said detected oscillating direction, and 

wherein when one of said first and second driving piezoelectric elements is driven In an 
expanded state, another of said first and second driving piezoelectric elements is driven in a 
contracted state, and 

wherein there is a plurality of at least said first driving piezoelectric elements along said 
driven oscillating direction, and each of said first driving piezoelectric elements is adjusted in 
its applied voltage so as to suppress an unnecessary oscillation which is generated in said 
detected oscillating direction of said arms. 

8. An angular velocity sensor comprising: 

a tuning-fork oscillator having arms extending in parallel to each other and joined to a 
stationary body through a trunk: 

first and second driving piezoelectric elements having a pluraHayer laminated structure and 
arranged only on said trunk with a gap therebetween, said gap having a width extending in a 
direction of said arms for driving said oscillator to oscillate in a driven oscillating direction; and 

detecting piezoelectric elements having a plural-layer laminated structure and arranged on 
said arms for detecting oscillations of said oscillator in a detected oscillating direction 
perpendicular to said driven oscillating direction. 

wherein said plural layers of each of said first and second driving piezoelectric elements are 
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positioned between respective center lines of said arms 

Descript ion 

CROSS REFERENCE TO RELATED APPLICATION 

J-t2n3t£"4tf99rt;:t ^^^^^^^ Japanese Patent Application No. Hei. 

1^ Tiiea Aug. 5. 1996. the contents of which are incorporated by reference. 

BACKGROUND OF THE INVENTION 
1 . Field of the Invention 

The present invention relates to an angular velocity sensor for measuring an angular velocity 
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by using a piezoelectric oscillation type gyro, and this sensor is used for measuring the moving 
- state of a moving body such as a vehicle, ship, airplane or robot. 

2. Related Arts 

There is known an oscillation type angular velocity sensor using piezoelectric elements (as 
disclosed in Japanese Patent Application Laid-Open No. 61-191917 or 62-19714. for 
example). In this oscillation type angular velocity sensor, as shown in FIG. 1 9. driving 
piezoelectric elements 33 and 34 and detecting piezoelectric elements 35 and 36 are 
perpendicularly arranged because Coriolis force to be generated in the direction perpendicular 
to the driven oscillating direction has to be detected. Specifically, in the typical oscillation 
type angular velocity sensor having the piezoelectric elements adhered to a metallic oscillator 
37, the driving piezoelectric elements 33 and 34 and the detecting piezoelectric elements 35 
and 36 are arranged on the orthogonal planes to make a stereoscopic structure. 

However, this structure has a problem that its manufacturing process is required to have 
steps of adhering the individual piezoelectric elements to different faces of the oscillator, so 
that the manufacturing process becomes complicated. Further, according to this structure, a 
size of the angular velocity sensor becomes large. 

In Japanese Patent Application Laid-Open No. Hei 6-1 47903. there has been proposed an 
angular velocity sensor in which a silicon substrate is etched from its two faces to form an 
integral oscillator in the substrate and in which driving or detecting piezoelectric thin films are 
laminated on the surfaces of the oscillator. According to this construction, the oscillator, the 
drive unit, the detection unit and the peripheral circuits are integrated on the substrate so 
that a small angular velocity sensor can be achieved. 

However, this angular velocity sensor has problems that the drive signal to be applied for 
operating the sensor to the drive unit is caused to flow around the wiring line of feedback 
elements or detection elements by the induction or the electrostatic capacity coupling to 
cause noises, thereby making the drive signal unstable or to deteriorate the detection 
accuracy of the sensor. Especially, the angular velocity sensor, in which the oscillator is 
formed by etching the silicon substrate, is seriously influenced by the signal flow-around 
because it is small-sized to have its individual units close to each other. 

As the method for reducing the signal flow-around, there is disclosed in Japanese Patent 
Application Laid-Open No. Hei. 3-131713, for example, an angular velocity sensor which is 
constructed such that the capacity coupling between the individual wiring lines of the drive 
unit and the detection unit are interrupted. Specifically, there is arranged in a terminal 
insulating portion, in which driving terminals and detecting terminals are buried, an earth plate 
for isolating the driving terminals and the detecting terminals. At the same time, a portion of 
the earth plate is exposed from the terminal insulating portion to the outside so that the 
exposed portion of the earth plate is arranged between the wiring lines of the individual 
terminals, and the sections of the sensor, as not reached by the earth plate, are 
electrostatically shielded by grounding the metallic oscillation plate, which is arranged between 
the two terminals, to the earth. 

By this method, however, the shield is not complete and so the signal flow-around cannot be 
completely prevented, whereby it is difficult to eliminate the noises. 

SUMMARY OF THE INVENTION 

A first object of the present invention is to provide an angular velocity sensor which is given a 
novel structure such that its manufacturing process is simplified. 
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A second object of the present invention is to improve the detectine accuracv of the an-i.lar • 
velocity sensor by preventing the signal flow-around between the drVe urandlh^dSfon 

^^^nZTnt^^^'^^y ^""^ first object, an angular velocity sensor according to 

the present invention comprise a tuning-fork oscillator having a pair of arms jointed bv f 
trunk, said pair of arms extending in parallel to each other, first and seco^ drilg 
piezoelectric elements arranged only on one surface of the trunk with a gap therebetween in 
an extending direction of the arms, and angular velocity detecting piezoebctric elements 
arranged on surfaces of the arms in parallel with the one surface of the tS on w^fch the 
first and second piezoelectric elements are arranged. 

oiezolV^irir?^™^ .°'°"!^'°'' the first and second driving 

p ezoelectric elements on a plane in parallel with the one surface of the trunk on which ihe 

Siezoit^cTl ""^r'"*"" ^"■^"^^'^ th-- fi-t and second drling 

piezoelectric elements are mounted only on the one surface of the trunk the area of the 
angular velocrty detecting piezoelectric elements can be sufficiently reta ned on the arms to 
improve the sensitivity. When the oscillator is driven by the first and secTd driving 

dlre^^^n "'TT' u "^"^'''^^"^ '-""^ '° ^Iso dispbced in fhe . 
direction perpendicular to the one surface of the trunk by the expansions/contractions of the 
first and second piezoelectric elements. However, the first and secon^SX^iezoelectric 
mfnTrnTzeV" "^'^ ""necessary displacement can bt 


IZ nll^ may desirably include a wide arm portion extending from the trunk a narrow 

o^ionTnH ^ ^"^ 1°"" " ^"^ "'^"^ narrower than the wide arm 

portion, and a mass portion jo.nted to the narrow arm portion. In addition, the angularTelocitv 
detecting piezoelectric elements may desirably be mounted on the surfaces of the w^de L^ 
portions. In this case the stresses resulting from the oscillations of the arms are 

rZTT'i "^""'"'T '^^'^"^ the narrowTrm'^rtions As a 

result the stresses resulting from the oscillations are suppressed from acting upon the 
angular velocity detecting piezoelectric elements. As a result, the S/N ratio of the an^lar 

en arfd hv th' ^ 'T™^'"' ""•"''"^^ °' oscillations of the arms can be^ 
enlarged by the mass portions to Improve the sensitivity. 

TZfTrt^^f" ^'^^ ^""^ second driving piezoelectric elements is driven to expand the other 
IS preferably driven to contract. This can be achieved by inverting the phases of the AC 
voltages to be applied to the first and second driving piezoelectric elements ThL drive 
improves the driving efficiency by the first and second driving piezoelecS element 

ofTh T t^* ^"J' ^^1°"^^ iT'"'"^ piezoelectric elements are mounted only on the one surface 
of the trunk, as described above. Therefore, the paired arms of the oscillator areliable to be 
also displaced in the direction perpendicular to the one surface of the trunk These 
ap"pl'Jto7eT 'T'- ^"'"'^^^^^^ '"«'^'"«*he level of the vo'^e to be 

feve of tL voltrfoT'° I "ITT "'"^ P'^""^ ^° the arms, lower than t^e 
from 2e arms. ^ """'"^ Piezoelectric element which is placed apart 

?eo^^ ^f- processing errors or the errors on the mounting positions of the first and 

oono^J. H""^t'""?''°*T ^''''^'^ "^-y be oscillated in 

tmnk n thif. P^^P^ndicular to the one surface of the 

trunk. In this case, the unnecessary oscillations of the paired arms in the opposite dte^ti^n! 
can be suppressed by halving the first and/or second driving piezoel^rtncTmLnt ' ' 
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corresponding to the paired arms and by making the voltage level to be applied to one of the 
halved driving piezoelectric elements higher than the voltage level to be applied to the other 
driving piezoelectric element. 

Here, the aforementioned unnecessary oscillations can be suppressed not by adjusting the 
levels of the voltages to be applied to the first and second driving piezoelectric elements 
relative to each other but by adjusting the areas of the first and second driving piezoelectric 
elements. In this case, the relative enlargement of the areas of the driving piezoelectric 
element is effective like the relative rise of the level of the applied voltage. In order to keep 
the magnitude of the amplitudes of the oscillations of the paired arms, it is important to retain 
the lengths of the first and second driving piezoelectric elements between the paired arms. 
Therefore, it is desirable to adjust the areas by changing the widths of the first and second 
driving piezoelectric elements in the extending direction of the arms. 

On the other hand, if the ends of the first and second driving piezoelectric elements extends 
out of the center line along the extending direction of the arms, the oscillations of the arms 
on the plane parallel to the one surface of the trunk are disturbed. Therefore, the first and 
second driving piezoelectric elements are desirably formed on one surface of the trunk such 
that they are positioned between the individual center lines of the paired arms. 

When the oscillator is made of a semiconductor substrate and when the individual 
piezoelectric elements are made by laminating a thin film electrode material and a thin film 
piezoelectric material, the angular velocity sensor can be manufactured by using the micro- 
machine technique. 

In order to achieve the aforementioned second object, an angular velocity sensor according to 
the present invention comprises a semiconductor oscillator formed in a semiconductor 
substrate by etching the semiconductor substrate, an oscillation exciting unit formed in the 
surface of the semiconductor oscillator for exciting the oscillation of the semiconductor 
oscillator, and an oscillation detecting unit for detecting the oscillation of the semiconductor 
oscillator. At least ones of electrode wiring lines to be connected with the oscillation exciting 
unit and electrode wiring lines to be connected with the oscillation detecting unit are covered 
on their surfaces with a shield film. 

When the electrode wiring lines to be connected with the oscillation detecting unit are 
covered all over their surfaces with the shield film, they can be shielded from the other 
electrode wiring lines so that the signal flo wing-around can be reliably prevented by the 
relatively simple construction. Similar effects can be achieved when the electrode wiring lines 
for the oscillation exciting unit are covered with the shield film. 

More specifically, the electrode wiring lines to be shielded are covered on their surfaces with 
a conductive film through an insulating film, and the conductive film is electrically connected 
with the semiconductor substrate to use the conductive film as the shield film. The oscillation 
exciting unit or the oscillation detecting unit may be made of a piezoelectric thin film and can 
be easily formed by laminating piezoelectric thin films on the substrate by using the thin film 
forming technique. Moreover, the semiconductor substrate may be suitably exemplified by a 
silicon substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other features and advantages of the present invention will be appreciated, as well as 
methods of operation and the function of the related parts, from a study of the following 
detailed description, the appended claims, and the drawings, all of which form a part of this 
application. In the drawings: 
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FIG. 1 is a perspective view of an angular velocity sensor according to a first embodiment: 
FIG. 2 is a side view of the angular velocity sensor, as viewed from the direction of arrow A of 

FIG. 3 is a cross sectional view taken along a line 3—3 of FIG. 1; 

FIGS. 4A and 4B are perspective views of the angular velocity sensor for explaining the 
operational principle; *^ ' 

pScfpie-^ Pe^Pective view of the angular velocity sensor for explaining the operational 

FIGS. 6A and 6B are perspective views of the angular velocity sensor for explaining the 
operational principle; e = 

oSllItL' fmplSutf ' ^ ""^'^ '^'^"^^ ^" ^ 

FIG. 8 is a perspective view of an angular velocity sensor according to a second embodiment; 
FIG. 9 is a front elevation for explaining the operational principle; 

FIG. 1 0 is a perspective view of an angular velocity sensor according to a third embodiment; 

FIG. 1 1 is a front elevation of an angular velocity sensor of another example; 

FIG. 12 is a front elevation of an angular velocity sensor of another example; 

FIG. 1 3 is a front elevation of an angular velocity sensor of another example: 

FIG. 14 is a front elevation of an angular velocity sensor of another example: 

FIG. 1 5 is a cross sectional view taken along a line 1 5—1 5 of FIG. 1 4; 

Fia 1 6A is a front elevation of an angular velocity sensor according to a fourth embodiment 

OT the present invention; 

c;!^s;.!.!tiL%%TG''f6X"" ' ^'^''^^ ^ ^'^'^'^ - — d from the 

FIG. 17 is a cross sectional view taken along a line D— D of FIG. 16A; 

FIG. 1 8A is a front elevation of an angular velocity sensor as a comparative example; 

FIG. 18B is a cross sectional view taken along a line 18A— 18A of FIG. 18A; and 

FIG. 1 9 is a perspective view of an angular velocity sensor of the prior art. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

First Embodiment 
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A first embodiment of the present invention will be described with reference to the 
- accompanying drawings. 

An angular velocity sensor of this embodiment is shown in FIG. 1. In the following description, 
the three-axis orthogonal coordinate system is given, which includes a transverse direction 
indicated by X (i.e., X-axis), a longitudinal direction indicated by Y (i.e., Y-axis), and a vertical 
direction indicated by 2 (i.e., Z-axis). 

The angular velocity sensor is constructed of a flat metal plate 1 having a predetermined 
thickness t1. This metal plate is made of a material of constant elasticity such as Elinvar (i.e.. 
an alloy of Ni — Cr — Ti — Fe). 

A tuning-fork shaped oscillator 2 is formed by hollowing out a portion of the metal plate 1 and 
is positioned upright 

This oscillator 2 is constructed to include: a square stationary body 3; arms 4 and 5 extending 
vertically in parallel to each other; and a trunk 6 jointing the arms 4 and 5 to the stationary 
body 3. The arm 4 is composed of a wide arm portion 7 having a rectangular shape, a narrow 
arm portion 8, and a mass portion 9. Likewise, the arm portion 5 is also composed of a wide 
arm portion 1 0 having a rectangular shape, a narrow arm portion 1 1 . and a mass portion 1 2. 

The trunk 6 has a T-shape and is composed of a vertical portion 6a which extends upward 
from the upper face of the stationary body 3, and a horizontal portion 6b which extends to the 
right and left from the upper end portion of the vertical portion 6a. The wide arm portion 7 
extends upward from the upper face of the lefthand end of the horizontal portion 6b, and the 
wide arm portion 1 0 extends upward from the upper face of the righthand end of the 
horizontal portion 6b. 

From the upper end of the rectangular wide arm portion 7. moreover, there extends upward 
the narrow arm portion 8, from the upper end of which extends upward the mass portion 9 
having a square shape. From the upper end of the rectangular wide arm portion 10, likewise, 
there extends upward the narrow arm portion 1 1 , from the upper end of which extends upward 
the mass portion 1 2 having a square shape. 

To the front face on the horizontal portion 6b of the trunk 6 of the oscillator 2, there are 
adhered a pair of upper (first) and lower (second) driving piezoelectric elements 13 and 14. 
These first and second driving piezoelectric elements 13 and 14 are formed into band shapes 
extending in the X direction and are arranged in parallel with each other. 

The arms 4 and 5 of the angular velocity sensor are driven to oscillate in the X direction by 
applying AC signals of different phases individually to the first and second driving piezoelectric 
elements 1 3 and 1 4 so as to make them different in the expanded/contracted state. 

These driving piezoelectric elements 13 and 14 are arranged in an upper portion and a lower 
portion of the trunk 6. as shown in FIG. 1 , with respect to an axis L2 passing through a 
boundary in which the distribution of stress established in the trunk 6 changes from the 
tensile stress to the compressive stress when the trunk 6 is bent (i.e., the axis L2 is a center 
axis of bending of the trunk 6). As a result, the forces which are caused by the 
extension/contractions of the two piezoelectric elements 13 and 14 are favorably transmitted 
to the arms 4 and 5. 

This arrangement is effective for oscillating the arms 4 and 5 efficiently in the X direction. 
In a preferable method for driving arms 4 and 5 to oscillate, moreover, the AG signals of the 
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opposite phases are applied to the first and second driving piezoelectric elements 13 and 14. 
Since the expanded/contracted states of the two piezoelectric elements 13 and 14 are 
inverted in this method, the transmission of the forces which are caused by the 
expansions/contractions to the arms 4 and 5 can be optimized without being eliminated. 

Since the elongation percentage of the piezoelectric element is proportional to its own length, 
the larger expansions of the piezoelectric elements can be utilized for driving to oscillate the 
arms 4 and 5 by forming the first and second piezoelectric elements 1 3 and 1 4 into the band 
shape extending in the X direction, as shown in FIG. 1 . 

However, when the end portions of the two piezoelectric elements 13 and 14 extend 
outwardly beyond the vertical center axes of the arms 4 and 5 on the Z axis, namely, to the 
outside of the center axes of bending of the arms 4 and 5, the oscillations of the arms 4 and 5 
are suppressed. It is, therefore, preferable that the first and second driving piezoelectric 
elements 13 and 14 be interposed between the vertical center lines of the arms 4 and 5. 

Here, the arrangement of the first and second driving piezoelectric elements 13 and 14 should 
not be limited to the aforementioned one, but can be modified such that the piezoelectric 
elements 1 3 and 1 4 are spaced vertically as a pair only in the region above or below the 
bending center axis L2 of the trunk 6. In this case as well, the arms 4 and 5 can be oscillated 
in the X direction. 

On the other hand, only one driving piezoelectric element may be arranged in the trunk 6. In 
this modification, the piezoelectric element is made asymmetrical with respect to the bending 
center axis L2 so that the resultant force to act on the arms 4 and 5 as a result of the 
expansion/contraction of the piezoelectric element may be oriented in the X direction. As a 
result, the arms 4 and 5 can be driven to oscillate. 

Here will be detailed these piezoelectric elements 1 3 and 1 4. As shown in FIG. 2 presenting a 
side view (as viewed from the direction of arrow A) of FIG. 1 , each of the piezoelectric 
elements 1 3 and 1 4 has a laminated structure by sandwiching a piezoelectric material 1 7 
between electrode plates 15 and 16. This lamination is made in the Y direction. Moreover, the 
driving piezoelectric elements 1 3 and 1 4 are given equal areas. 

To the front face of the wide arm portion 7 of the oscillator 2. as shown in FIG. 1 . there is 
adhered a detecting piezoelectric element 18. To the front face of the wide arm portion 10 of 
the oscillator 2, too. there is adhered a detecting piezoelectric element 19. These detecting 
piezoelectric elements 18 and 19 are formed into a rectangular shape elongating in the 
vertical direction (i.e.. in the Z direction) and are arranged at the same height. 

Here will be detailed these piezoelectric elements 18 and 19. As shown in FIG. 3 presenting a 
cross sectional view taken along a line 3 — 3 of FIG. 1 . each of the piezoelectric elements 1 8 
and 1 9 has a laminated structure by sandwiching a piezoelectric material 22 between 
electrode plates 20 and 21. This lamination is made in the Y direction. 

In the present embodiment, the piezoelectric material for the piezoelectric elements 13, 14. 18 
and 19 is exemplified by piezoelectric ceramics such as PZT. Moreover, the driving 
piezoelectric elements 13 and 14 have property in which the driving piezoelectric elements 13 
and 1 4 expand, when fed with a voltage having positive potential with respect to the earth 
potential, and contract when fed with a voltage having negative potential with respect thereto. 

As shown in FIG. 2, the first and second driving piezoelectric elements 13 and 14 are 
connected with a drive circuit 23 by wiring lines. Specifically, the electrode 1 6 of the first 


http://1 64.1 95.1 00.1 1 /netacgi/nph-Parser?Sect1 =PT01 &Sect2=HITOFF&.../6,1 1 9.51 01 /08/03 


United States Patent 6.1 1 9,51 8 1 3/20 ^—i> 

♦ 

driving piezoelectric element 1 3 and the electrode 1 6 of the second driving piezoelectric 
- element 14 are grounded to the earth potential, and an AC signal (a sine wave) SGI is 
outputted to the electrode 15 of the first driving piezoelectric element 13. This drive signal 
SGI has the center of its amplitude at the earth potential. To the electrode 1 5 of the second 
driving piezoelectric element 14. on the other hand, there is outputted an AC signal (a sine 
wave) SG2 which has a phase opposed to that of the AC signal SGI. In other words, the drive 
signal SG2 has the waveform which is inverted from that of the drive signal SGI. 

As shown in FIG. 3, the detecting piezoelectric elements 18 and 19 are electrically connected 
with a signal processing circuit 24 so that the electric signals from the detecting piezoelectric 
elements 18 and 19 are conveyed to the signal processing circuit 24. Specifically, the 
individual electrodes 20 and 21 of the detecting piezoelectric elements 1 8 and 1 9 are 
connected with the signal processing circuit 24 by wiring lines so that the displacements of 
the wide arm portions 7 and 1 0 of the oscillator 2 in the Y direction are sent as electric 
signals. 

The piezoelectric elements 13, 14. 18 and 19 can be wired by the wire bonder or the like 
because they are arranged in the common plane. 

Here will be described the actions of the angular velocity sensor thus constructed. 

The AC signals (i.e., the drive signals) SGI and SG2 having opposite phases are outputted by 
the drive circuit 23 of FIG. 2 to the first driving piezoelectric element 13 and the second 
driving piezoelectric element 14. Then, the first driving piezoelectric element 13 which is 
located at the lower side of the trunk 6 is contracted, whereas the second driving 
piezoelectric element 14 at the upper side of the trunk 6 is expanded as shown in FIG. 4A. 
These actions are caused simultaneously with each other. As a result of the 
contraction/expansion of the driving piezoelectric elements 1 3 and 1 4, the upper ends of the 
arms 4 and 5 are highly displaced apart from each other in the X direction. 

As shown in FIG. 4B, on the other hand, the second driving piezoelectric element 14 at the 
upper side is contracted, whereas the first driving piezoelectric element 13 at the lower side 
is expanded. These actions occur simultaneously with each other. As a result of the 
expansion/contraction of the driving piezoelectric elements 13 and 14, the upper ends of the 
arms 4 and 5 are highly displaced approaching to each other in the X direction. 

These actions of FIGS. 4A and 4B, that is, the expansions/contractions of the first and 
second driving piezoelectric elements 1 3 and 1 4 are repeated to oscillate the arms 4 and 5 in 
the X direction. These oscillations are driving ones (i.e., exciting actions). 

At this time, the drive signals (i.e., the applied voltages) to be outputted to the upper and 
lower driving piezoelectric elements 14 and 13 are opposite in their phases so that the driving 
efficient is high. 

In the meantime, the oscillator 2 (composed of the arms 4 and 5) includes the narrow arm 
portions 8 and 1 1 and the mass portions 9 and 12 so that a difference is made in rigidity 
between the drive beams (formed from the narrow arm portions 8 and 1 1 and the mass 
portions 9 and 1 2) and the detecting portion (formed from the wide arm portions 7 and 1 0). As 
a result, the drive beams (formed from the narrow arm portions 8 and 1 1 and the mass 
portions 9 and 12) oscillate largely to the right and left (in the X direction), but no bending 
stress is applied to the detecting piezoelectric elements 1 8 and 1 9. 

Generally in the oscillation type angular velocity sensor, if stress is applied to the detecting 
piezoelectric elements when the sensor is driven to oscillator, noises due to the oscillations 
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generate to deteriorate the S/N ratio. Since the magnitude of the stress to be applied to the 
detecting elements by the oscillations is proportional to the inverse number of the cube of the 
width of the arms, the stress will become smaller for the larger width of the arms when the 
arms are oscillated with an identical leading edge amplitude. Since, on the other hand, this 
leading edge amplitude is proportional to the inverse number of the cube of the width, as 
taken in the oscillating direction, of the arms to oscillate, the narrower arms are advantageous 
for the larger amplitude. 

The oscillator 2 of the present embodiment is given such a construction capable of enlarging 
the leading edge amplitude of the arms 4 and 5 while reducing the transmission of the stress 
due to the drive oscillations to the detecting piezoelectric elements 18 and 19. That is. the 
oscillator 2 is shaped such that the arms 4 and 5 are thinned by the narrow arm portions 8 
and 1 1 above the detecting elements 1 8 and 1 9. 

In this case, as shown in FIG. 5, the bending stress (or strain), as caused by the oscillations of 
the drive beams, is concentrated as the tensile stress and the compressive stress according 
to the oscillating direction at the joint portions between the narrow arm portions 8 and 1 1 and 
the wide arm portions 7 and 10. As a result, the stress acting on the detecting elements 18 
and 1 9 can be suppressed to improve the S/N ratio. 

Further, since the Coriolis force is generated in proportion to the mass of the arms 4 and 5, 
the sensitivity is improved by positioning the mass portions 9 and 1 2 at the ends of the 
narrow arm portions and by making them as heavy (or wide) as possible. 

Moreover, the first and second driving piezoelectric elements 1 3 and 1 4 are formed only on 
the surface of the trunk 6 but are not extended to the surfaces of the arms 4 and 5. This 
makes it possible to prevent the stress from being directly applied from the two piezoelectric 
elements 13 and 14 to the detecting piezoelectric elements 18 and 19. 

During the oscillations of the oscillator 2, when an angular velocity .OMEGA, acts around the 
center axis LI of the oscillator 2 as shown in FIG. 1 , the Coriolis force (or oscillation 
component) is generated in the Y direction. This oscillation component is detected by the 
detecting piezoelectric elements 1 8 and 1 9 and sent to the signal processing circuit 24. This 
signal processing circuit 24 subjects the signal to a differential amplification and outputs it as 
a signal indicating the magnitude of the angular velocity. 

Thus, the angular velocity detection is executed. 

However, because of the structure in which the arms 4 and 5 are oscillated in the X direction 
by the piezoelectric elements 13 and 14 arranged on the one side surface of the trunk 6, an 
unnecessary oscillation component .alpha, may be generated, as shown in FIGS! 6A and 6B, 
during the excited oscillations of the oscillator 2 by the expansions/contractions of the driving 
piezoelectric elements 12 and 13. In more detail, while the arms 4 and 5 of the oscillator 2 are 
moving apart from each other, as shown in FIG. 6A, the unnecessary oscillation component 
-alpha, in the Y-direction is generated. On the other hand, while the arms 4 and 5 of the 
oscillator 2 are moving towards each other, as shown in FIG. 6B, the unnecessary oscillation 
component .alpha, in the Y+ direction is generated. 

In the present embodiment, the drive voltages to the upper and lower driving piezoelectric 
elements 14 and 13 are adjusted so as to eliminate the unnecessary oscillation component 
.alpha.. In other words, the drive voltages to the upper and lower driving piezoelectric 
elements 14 and 13 are not equalized but adjusted to eliminate the unnecessary oscillation 
component .alpha.. 


http://1 64.1 95.1 00.1 1 /netacgi/nph-Parser?Sect1 =PT01 &Sect2=HITOFF&.../6.1 1 9,51 01 /08/03 


United btates Patent: 6,119,518 


15/20 V 


FIG. 7 is a graph for determining the drive voltage. In FIG. 7, the abscissa indicates the voltage 
balance ratio VU/VL between the (maximunn) voltage VU to be applied to the second driving 
piezoelectric element 14 at the upper side and the (maximum) voltage VL to be applied to the 
first driving piezoelectric element 13 at the lower side, and the ordinate indicates the 
unnecessary oscillation amplitude. It is found from FIG. 7 that the voltage balance ratio 
VU/VL=0.6 is required for reducing the unnecessary oscillation amplitude to "0". In the 
present embodiment therefore, the voltage balance ratio VU/VL between the voltage VU 
applied to the second driving piezoelectric element 1 4 at the upper side and the voltage VL 
applied to the first driving piezoelectric element 1 3 at the lower side is set to "0.6". However, 
the optimum value of the voltage balance ratio VU/VL between the two maximum voltages 
varies depending upon the shapes, the materials and the mechanical sizes of the arms 4 and 5 
and the trunk 6, upon the shapes and areas of the driving piezoelectric elements 1 3 and 1 4 
and the like. It is, therefore, necessary to determine the optimum values individually. However, 
at least the applied voltage VU to the second driving piezoelectric element 1 4, as positioned 
closer to the arms 4 and 5, is made smaller than the applied voltage VL to the first driving 
piezoelectric element 13. 

Thus, in the present embodiment, the trunk 6 is equipped with the driving piezoelectric 
elements 13 and 14 which are extended in the driven oscillating direction (i.e., the X direction) 
and of which the electrode plates 1 5, 1 6 and the piezoelectric material 1 7 are laminated in the 
detected oscillating direction (i.e., the Y direction), and the arms 4 and 5 (or the wide arm 
portions 7 and 10, more specifically) are equipped with the detecting piezoelectric elements 
18 and 19 of which the electrode plates 15, 16 and the piezoelectric material 17 are laminated 
in the detected oscillating direction (i.e., the Y direction). As a result, the individual 
piezoelectric elements 13, 14. 18 and 1 9 are arranged in the common plane and can be 
adhered and wired from one face so that they can be easily mounted and manufactured by 
the simple manufacturing process. This makes it possible to manufacture the sensor at a low 
cost 

Moreover, the first and second driving piezoelectric elements 13 and 14 are arranged with a 
gap therebetween in the extending direction (i.e., the Z direction) of the arms 4 and 5, and the 
AC signals in the opposite phases are applied to those first and second driving piezoelectric 
elements 13 and 14. Therefore, when one of the first and second driving piezoelectric 
elements 1 3 and 14 is to be driven so as to expand, the other is driven so as to contract. As a 
result, the driving efficiency can be improved. 

In the angular velocity sensor having the construction of the prior art, as shown in FIG. 19, if 
the manufacturing steps (e.g., the adhering and wiring steps) are attempted to be simplified by 
arranging the driving piezoelectric elements 33 and 34 and the detecting piezoelectric 
elements 35 and 36 on the same plane, the efficiency of either the driving or detecting side is 
lowered, whereby a sensor having a high S/N ratio cannot be achieved. In the present 
embodiment, on the contrary, it is possible to provide a sensor which can be easily 
manufactured while suppressing the drop in the performance by driving the first and second 
driving piezoelectric elements 1 3 and 1 4 with the voltages in the opposite phases. 

By adjusting the voltage balance ratio VU/VL of the drive voltages to the driving piezoelectric 
elements 13 and 14, i.e., the voltages to be applied to the driving piezoelectric elements 13 
and 14, the unnecessary oscillation .alpha, in the detected oscillating direction (the Y 
direction) is suppressed. As a result the offset adjustment can be easily performed to 
improve the S/N ratio. 

In a modification of the present embodiment, the unnecessary oscillation .alpha, in the 
detected oscillating direction may be suppressed not by adjusting the (maximum) voltages to 
be applied to the driving piezoelectric elements 1 3 and 1 4 but by adjusting the areas of the 
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JiezoL^t ! ^^'^T"*! '^^"^ '"^'"S the applied voltages of the driving 

a ea otthe oietoTr t'- ' f"' -^''^'^-tion. the relative enlargemen'of the 

an^i^H ? 'L*^"' ""^^ ^" ^ff^'^* to that of the relative rise in the 

applied voftage. In order to keep the magnitudes of the oscillations of the arms 4 Ind 5 

SSon 'T^r.* piezoelectric elements 13 and 14 in the X 

wiS of th.'f .^''Jf tment of the areas is preferably performed by chan/n^ tl^e 

widths of the piezoelectric elements 13 and 14 in the Z direction. On the other hand rt is 

ar;htarr;of*"" ^"""^^^ -^"^'^ e.eme^tsl3'and 14 

Second Embodiment 

em'bodiment"''""^''"^"* differences from the first 

iZZ^^A -^""'"'' ^°"^°^°^the present embodiment is shown in FIG. 8. In this embodiment 

horizoTta1l7;raled"7^T^^^^^ "'"^^ the first embodimentTs ' 

horizontally ha ved into two driving piezoelectric elements 13a and 13b Here the driving 
Piezoelectric element 13a is given an area equal to that of the driving piezolcWc eZent 

SJ^^nJ''^' ernbodiment. the oscillator 2 may lose its oscillating balance by the processing 
d mensional tolerances or the errors of the mounting positions of the drivlg piezoerectric 
d m I* *^^°^^"'«tor 2 may fail to oscillate symmetrically. Speci^a fy when the 

driving piezoelectric elements 13a. 13b and 14 are contracted/expanded as shown in FIG 8 

rrectTonTtI Y . *T ' ««"-«ted in the detected oscHlating 

direction (the Y direction). These unnecessary oscillation components .beta and beta ' ai^ 
generated in the opposite directions in the left and right arms 4 and 5. As shown t llG 9 

comoTnent K T ' • l"*' ^''j"^ted. Specifically, when the unnecessary oscillation 
component .beta, appears in the direction, as shown in FIG. 8. it is sufficient that the 
(maximum) voltage VL to be applied to the driving piezoelectric element 1 3a s rllatLly 

aSS the te^^^^^^^^ T *° '''''''' '° Piezoelectric element 1 3b By thus 

hif ■ t K ^^^^ ^""''^•^ ^°'t^S«^ ^"d VL. the unnecessary oscillations beta and 

■beta, which are generated in the opposite directions in the left and riX arms 4 and 5 are 

^scEnt • — «^ to effect the symmet^;: 

II'e"omvildrr"!<^'"''°'^''"T'' *^^ P'"''^"*^ "^''■''^'"S Piezoelectric elements 13a and 13b 
aoolied to tJ J V- °f' "'""^ X direction), and the voltages to be 

applied to the driving piezoelectric elements 1 3a and 1 3b are adjusted so that the 
unnecessary oscillations .beta, and .beta.' can be suppressed. 

In a modification of the present embodiment, the unnecessary oscillations .beta and beta ' 

7^^ wT-Tkk ^P""^'' ^°'t^««« of the driving piezo Jectric dements 

3a and 13b but by making different the areas of the driving piezoelectric e°erS 13aan 
13b while leaving the applied voltages of the driving piezoelectric elements 3a and 3b equal 
r i^T- ? the unnecessary oscillations .beta, and .beta.' shown in FIG 8 It 

;iezoSc"e,^^^^^^^^^ "^^^^ --^'-^^''^ --than that of tTe""- ' 

Third Embodiment 

A third embodiment will be described by stressing the differences from the first embodiment. 
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An angular velocity sensor of this embodiment is shown in FIG. 10. In this embodiment, the 
angular velocity sensor is exemplified by a semiconductor angular velocity sensor which is 
made of a piezoelectric thin film by using the semiconductor micro-machine technique. 

In FIG. 10. a predetermined region in a silicon substrate 25 having a predetermined thickness 
is etched off to form the oscillator 2. A thin film electrode material, a thin film piezoelectric 
material and a thin film electrode material are sequentially laminated in the predetermined 
region of the silicon substrate 25 to form the piezoelectric elements 1 3, 1 4. 1 8 and 1 9. 

More specifically, the silicon substrate 25 having a predetermined thickness is prepared for 
manufacturing the sensor, and the predetermined region of the silicon substrate 25 is etched 
off by the photolithography technique to form the oscillator 2, Moreover, the thin film 
electrode material, the thin film piezoelectric material and the thin film electrode material are 
sequentially filmed and patterned in a desired shape to form the piezoelectric elements 13. 14, 
18 and 19. Here, the thin film piezoelectric material is exemplified by ZnO or the like and is 
film-formed by the sputtering method. 

The drive circuit 23 and the signal processing circuit 24 are integrally formed on the silicon 
substrate 25 by the semiconductor manufacturing technique and thereby formed into one 
chip. These drive circuit 23 and signal processing circuit 24 are electrically connected to the 
piezoelectric elements 13. 14, 18 and 19 with a conductive metal film of aluminum or the tike. 

In the present embodiment, the variation of the temperature characteristics and the reduction 
of the Q value, as may be caused by the adhesive layer in the foregoing individual 
embodiments, can be avoided by film-forming the piezoelectric elements directly on the 
silicon oscillator. As a result, it is possible to construct a more accurate sensor. 

Thus, the sensors can be manufactured in excellent mass productivity by using the micro- 
machine technique of the silicon substrate. 

The present invention may be practiced in other modes, as follows. 

(1) The tuning-fork oscillator is the cantilever type in the foregoing individual embodiments 
but may be a twin type, as shown in FIG. 1 1 . 

(2) Alternatively, the present invention may be applied to an H-shaped tuning-fork oscillator, 
as shown in FIG. 12 or 13. 

(3) As shown in FIGS. 14 and 15 (presenting a cross sectional view taken along a line 15 — 15 
of FIG. 14). the oscillator may be made of a piezoelectric material and given a structure in 
which piezoelectric element electrodes are adhered to the front and back surfaces of the 
oscillator. More specifically, the oscillator includes: front surface electrode plates 26 and 27 
for making a driving piezoelectric elements; a back surface electrode plate (or a common 
electrode plate) 28 for making the driving piezoelectric elements along with the front surface 
electrode plates 26 and 27; a front surface electrode plate 29 for making a detecting 
piezoelectric element; a back surface electrode plate 30 confronting the electrode plate 29 to 
make the detecting piezoelectric element along with the front surface electrode plate 29; a 
front surface electrode plate 31 for making a detecting piezoelectric element; and a back 
surface electrode plate 32 confronting the electrode plate 31 to make the detecting 
piezoelectric element along with the front surface electrode plate 31. 

In this case as well, the piezoelectric element is given a structure laminated in the Y direction. 
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llct:od:;\t:~ Z If'^'rr'^, ' piezoelectric is sandwiched between the 
can be rna^tLtrw^h'tL^t^^^^ - trie elements 

?ortroi'sV3l"andt''"'' °--"'-tor is equipped with the narrow arm 


Fourth Embodiment 


ISonTt'l ^T^*^ o'*^ ' P^''' °^ '^^ ^"'^ --ie^t <^riving piezoelectric elements 131 and 

With the upper electrodes 141. 142, 143 144 151 171 anHl79«ffk • ^- . . 
respectively, there connected wirin. lines ^S^:Ts2:^^^^^^^^^^^^^ 
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conductive material such as aluminum, so that signals can be fed to or extracted from the 
• individual electrodes. 

All of these upper electrodes 141, 142. 143, 144. 151, 171 and 172 and wiring lines 181, 182, 
183. 184, 185. 186 and 187 can be formed by the aforementioned thin film forming technique. 
On the other hand, the lower electrodes of those individual elements are commonly 
exemplified by grounding the oscillator 102 to the earth. 

In the present invention, the feedback element 105 and its wiring line 185, and the detecting 
piezoelectric elements 161 and 162 and their wiring lines 186 and 187 are shielded from the 
driving piezoelectric elements 131. 132. 133 and 134 and their wiring lines 181, 182, 183 and 
184 by covering them with a shield film 109 (as shown in FIG. 16A) made by using the 
aforementioned thin film forming technique. 

Alternatively, or in addition, a similar shield film can cover the oscillating exciting unit including 
driving piezoelectric elements 131. 132. 133 and 134. and their wiring lines 181. 182, 183 and 
184. 

As shown in FIG. 17. the shield film 109 covers the upper faces and side faces of the 
aforementioned individual elements and wiring fines with a conductive film 191 through an 
insulating film 192 such that the lower side edges of the conductive film 191 reaches the 
surface of the substrate 101. On the surface of this substrate 101 to be electrically wired, 
there is formed an insulating film 111 for insulating the oscillator 102 and the individual wiring 
lines, as shown in FIG. 17. The lower side edges of the conductive film 191 make contact 
through the insulating film 1 1 1 with the surface of the underlying substrate 1 01 . 

With the construction described above, signals V+ in phase are applied to the paired driving 
piezoelectric elements 131 and 132 through the wiring lines 181 and 182, and signals V- 
having a phase difference of 180 degrees from the signals V+ are applied to the paired driving 
piezoelectric elements 133 and 134 through the wiring lines 183 and 184. Then, when the 
driving piezoelectric elements 131 and 132 are expanded, the other driving piezoelectric 
elements 133 and 134 are contracted so that the trunk 122 is bent. By using the AC signals 
V+ and V- the pillars 123 and 124 and the mass portions 125 and 126 of the oscillator 102 
are oscillated and bent in the direction of arrow "a" in the same manner as the first 
embodiment. The stress resulting from these bending oscillations is applied to the feedback 
element 1 05 to generate signals, which are fed back so that a resonance can be made in the 
direction of arrow "a" to establish a large amplitude. When an angular velocity is then applied 
in the direction of arrow b. the Coriolis force is generated in the direction of arrow c at the 
mass portions 125 and 126. A bending force according to the Coriolis force is applied to the 
detecting piezoelectric elements 161 and 162 to generate a voltage so that the angular 
velocity can be detected by detecting the voltage signal from the detecting piezoelectric 
elements 161 and 162. 

Here, in the state without the shield film 109, as shown in FIG. 16B. the wiring lines 181 to 187 
are close to one another in the support 121, so that the drive signals, as applied to the wiring 
lines 181. 182. 183 and 184 for the driving elements, may possibly flow around the wiring lines 
185, 186 and 187 of the feedback element 105 or the detecting elements 161 and 162 by the 
induction or the electrostatic capacity coupling. In order to prevent this, according to the 
present embodiment, the surfaces of the feedback element, the detecting elements and their 
wiring lines 185, 186 and 187 are covered with the shield film 109, as shown in FIG. 16 A. This 
shield film 109 is electrically connected with the semiconductor substrate 101 such as a 
silicon substrate, as shown in FIG. 1 7. As a result, the feedback element, the detecting 
elements and their wiring lines can be shielded from the signals coming from the wiring lines 
181. 182. 183 and 184 for the driving elements. 


http://1 64.1 95.1 00.1 1 /netacgi/nph-Parser?Sect1 =PT01 &Sect2=HITOFF&.../6.1 1 9.51 01 /08/03 


United States Patent: 6. 1 1 9.5 1 8 2o/20 ^— 

I^d%ested7!l°'r^ sensor having the construction thus far described was actually prepared 

PaLn°tTn ^ field similar to that according to the method, as disclosed in Japanese 

shi!S?rM^'^ construction, however, the portion having the strongest electric field is 
sh elded, but the penpher.es of the wiring lines are not completely covered As a resuJ th. 

Ltno?brf lSdTothrtTh:''°""' -""^k^"^^^ -'--^ ^ ™^ ^lT.na SB. 

sensor hLfnrth! J . completely eliminated. The angular velocity 

sfmiLr toT f structure was actually prepared and subjected to teste 

similar to the aforementioned ones. These tests have revealed that the flow-around of th« 

eXtth:rt°hat':ft:°^'' ^'r ' j'^^- ^ ^^^"-^ ^^^^ ^t^^o^e^iT't 

eSmrnt comparative example can be achieved by the structure of the present 

In the aforementioned embodiment, not only the wiring lines but also the surfaces of the 
detecting piezoelectric elements and the feedback element are covered wfth the sh eS film 

even if not th T^'^'^ ^'^^ ^'"^ f""'- ^ similar effect can be achieved 

even If not the wiring lines for the detecting piezoelectric elements and the feedback element 
but the wiring lines for the driving piezoelectric elements are covered with the shieW film 
burmr^e eLtoli^ed oscillator should not be limited to the cantillveJ t^nin^trtype 
but may be exemplified by another shape such as the twin tuning-fork type as described 

When the unnecessary oscillation components .alpha, and .beta, are generated in the fourth 

aTeas ^hed "'^^^"^"^ ^"""^^^^^'^ adjusting the applifd v'^gt and/or^^^^ 

areas of the driving piezoelectric elements 131, 132. 133 and 134 ana/ortne 
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